Narrow endemics are at risk from climate change because of their restricted habitat preferences, lower colonization ability and dispersal distances. Landscape genetics combines new tools and analyses that allow us to test how both past and present landscape features have facilitated or hindered previous range expansion and local migration patterns, and thereby identifying potential limitations to future range shifts. We have compared current and historic habitat corridors in Cirsium pitcheri, an endemic of the linear dune ecosystem of the Great Lakes, to determine the relative contributions of contemporary migration and post-glacial range expansion on genetic structure. We used seven microsatellite loci to characterize the genetic structure for 24 populations of Cirsium pitcheri, spanning the center to periphery of the range. We tested genetic distance against different measures of geographic distance and landscape permeability, based on contemporary and historic landscape features. We found moderate genetic structure (Fst ¼ 0.14), and a north-south pattern to the distribution of genetic diversity and inbreeding, with northern populations having the highest diversity and lowest levels of inbreeding. High allelic diversity, small average pairwise distances and mixed genetic clusters identified in Structure suggest that populations in the center of the range represent the point of entry to the Lake Michigan and a refugium of diversity for this species. A strong association between genetic distances and lake-level changes suggests that historic lake fluctuations best explain the broad geographic patterns, and sandy habitat best explains local patterns of movement.
INTRODUCTION
Under current projections of climate change, many plant species are expected to experience a shift in distribution. Narrow endemics, often characterized by limited ranges, restricted habitat preferences and variable population size (Rabinowitz, 1981; Lavergne et al., 2004) , have been identified as a group at risk of extinction from climate change (Damschen et al., 2010) . The range of narrow endemics is often restricted by the distribution and connectivity of appropriate habitats . In cases where the edges of the distribution are determined by habitat features other than climatic tolerances, a species may still be able to persist in their current location by adaptation to the new climate regime or through plasticity (Nicotra et al., 2010) . However, for species in which climate is an important determinant of range limits, climate change will likely result in a contraction of the current range. Alternatively, if climate conditions have restricted a species' ability to colonize new habitats outside the current range, the rate of expansion will depend on dispersal potential. For these reasons, the conservation of rare narrow endemics will require a better understanding of how their current distributions have been influenced by colonization patterns and previous range shift.
The distribution of genetic diversity throughout a plant's range is dependent on life-history traits (Hamrick and Godt, 1996; Nybom, 2004) , in particular, pollination and dispersal mechanisms (TheilEgenter et al., 2009; Kramer et al., 2011; , available habitat and historical events (Hewitt, 2000; Petit et al., 2003 Petit et al., , 2008 Hu et al., 2009) . Glaciers covered the upper Midwest of North America until 14 000 yBP (Colman et al., 1994b) ; hence, most of the region's present day vegetation migrated in from unglaciated areas (Gleason, 1922; McLaughlin, 1932) . Migration routes used varied with species' climatic and soil preferences (Gleason, 1922; McLaughlin, 1932; Curtis, 1959) , with many local endemic plants, which persist in extreme habitats such as xerophytic sites or bogs, representing relic colonies of post-glacial migration patterns (Gleason, 1922) . The species that grow on the dunes and beaches of the Great Lakes are thought to have migrated from the Atlantic coast entering the region from the northeast, along sand deposits associated with post-glacial lakes and drainage channels (McLaughlin, 1932; Reznicek, 1994) . Alternatively, these sand endemic species may have migrated from the Southern Coastal plains up the Mississippi River, entering the Great Lakes from the southern tip of Lake Michigan (Gleason, 1922; McLaughlin, 1932; Curtis, 1959) . A third possibility is that these species are derived from the unglaciated Nebraska Sandhills to the southwest, although this route would require high dispersal distances given the lack of continuous sandy habitat (Gleason, 1922; McLaughlin, 1932; Shapiro, 1971) .
Cirsium pitcheri (Eaton) Torrey and Gray (Pitcher's thistle or dune thistle) is a federally listed rare species and endemic of the shorelines of the Great Lakes of North America. The highest density of C. pitcheri populations is along the northern shores of Lake Michigan, with populations becoming sparser and more spread out toward the western and southern edges of Lake Michigan and on the Canadian and American shores of Lakes Superior and Huron (Guire and Voss, 1963) .The high density of populations to the northeast would suggest that this area represents the rear edge of the species' entry into the region. However, the likely closest congener of C. pitcheri is C. canescens from the Nebraska Sandhills (Moore and Frankton, 1963) , which might support a more southwesterly origin. A previous range-wide study using isozymes suggested that diversity was slightly higher in the northeastern edge of the range but was hindered by insufficient polymorphisms to draw any major conclusions (Loveless and Hamrick, 1988) .
Populations at the range edge are at higher risk under most climate change scenarios, consequently distinguishing between expanding edge, and rear edge is important for the conservation of a species (Hampe and Petit, 2005) . Recent microsatellite studies focusing on small populations of C. pitcheri at the northern and southern extremes of the range have shown low diversity, high inbreeding and low connectivity between populations (Gauthier et al., 2010; Fant et al., 2013) . These results may represent founding edge populations that have just a subset of the diversity from the historic origin of the species (Bialozyt et al., 2006; Hu et al., 2009) , alternatively this pattern may be a consequence of these populations having smaller, more widely dispersed and lower densities associated with less suitable habitat (Eckert et al., 2008; Sexton et al., 2009) . The persistence of C. pitcheri in an area depends on a cycle of the local extinctions associated with loss of habitat from succession, and colonization of newly opened sandy habitat generated by geological and aeolian processes (Loveless, 1984; McEachern et al., 1994) . Given the fragmented nature of C. pitcheri habitat, short lifespan, low dispersal probability and early successional status, the low connectivity seen in the northern and southern edges of the range may have important consequences for future migration potential.
Here, we use the microsatellite markers (Fant et al., 2013) to characterize range-wide patterns in the distribution of genetic diversity within this species. Given the poor dispersal and low connectivity in this species (Fant et al., 2013) , we hypothesize that populations that represent the rear edge would have maintained higher diversity compared with populations at the expanding edge. We also hypothesize that the highest diversity will likely be in the northeast of Lake Michigan, which is thought to be the point of entry of many dune specialists from the Atlantic Coast. At more local scale, we hypothesize that connectivity between populations will depend on contemporary landscape features, such as distance between neighboring populations, habitat size and availability, and coastal barriers. New tools and analyses developed for landscape genetic studies now allow researchers to quantify and test the effects of landscape features in driving population genetic structure (McRae and Beier, 2007; Cushman and Landguth, 2010; Holderegger et al., 2010; Storfer et al., 2010) . In this study we propose to investigate genetic discontinuities in the context of contemporary and historic landscape features, such as soil type and changes in lake levels. In combination, these factors will be quantified to assess their influence on patterns of gene flow and population genetic structure in this narrow endemic species and identify potential limitations to future range shifts, given climate change.
MATERIALS AND METHODS

Study species
C. pitcheri is a short-lived, monocarpic, herbaceous plant, generally flowering after a 4-to 8-year juvenile stage (Loveless, 1984) . Individuals typically have a single, branching flowering stem with terminal and axillary flowering heads of cream or pinkish color. C. pitcheri is insect-pollinated and believed to be partially self-incompatible (Bowles, McEachern and Pavlovic, pers. obs.) . It appears to have a very short-lived seed bank (Loveless, 1984; McEachern, 1992; Bowles and McBride, 1996; Hamzé and Jolls, 2000) , which is unlikely to contribute significantly to population growth (Rowland and Maun, 2001) .
C. pitcheri is found on both the Canadian and American shores of Lakes Superior and Huron (Guire and Voss, 1963) , although the majority of the 203 known occurrences are along the shores of Lake Michigan (Figure 1 ). Of these, at least 18 have been extirpated, including all occurrences in Illinois. The sporadic distribution of C. pitcheri makes it difficult to delineate biological populations. Here, we follow the definition by Pavlovic et al. (2002) of a population, as an element occurrence as groups of individuals separated from other such groups by one mile. Based on this definition, population sizes vary throughout the range from fewer than 100 individuals to more than 10 000 individuals. Given the life history of the species, only a small proportion of individuals will flower within any 1 year, therefore effective population sizes are likely to be considerably smaller than the census size (Vitalis et al., 2004) .
Study sites
Twenty-four sites were selected that represented the four habitat types (narrow linear foredunes, continuous complex dunes, discontinuous complex dunes and perched dunes) and the five geographic locations defined by Loveless and Hamrick (southern Lake Michigan (SLM), northern Lake Michigan (NLM), Wisconsin, Upper Peninsula Michigan (Lake Superior, LS) and Straits of Mackinac (SM); Table 1; Figure 1 ). An additional three populations were added to the six populations sampled in Fant et al. (2013) for a total of eight populations from SLM, 10 populations were added from northern Lake Michigan, in addition, two populations were sampled from the SM, two populations from the LS and one population from the Lake Huron (LH) ( Table 1 ) for a total of 24 populations (Table 1 ). Collections were made over an 8-year period from 2005 to 2013 (Table 1) . Size classes, rather than counts, were used to account for seasonal fluctuation. Size classes and the dune-habitat type definitions were derived from Pavlovic et al. (2002) . A measurement of the degree of isolation of each population was calculated as the average Euclidean distance to the 5, 10 and 20 nearest populations, using Geographic Distance Matrix Generator (version 1.2.3) (Ersts, 2013) . As the three measurements showed no significant difference from each other, we only used the nearest 20 populations for all analyses. Correlations between population attributes (dune type, population size and average distance to nearest populations) and location (longitude and latitude) were calculated using R statistical package (R Development Core Team, 2009 ).
Molecular data
Leaf tissue collections were made within 100 m of the center of the elemental occurrences to minimize potential Wahlund effect associated with collecting from distant patches (Pavlovic et al., 2002; Fant et al., 2013) . In larger populations (4200 plants), leaf samples were collected haphazardly from 50 individuals, although to avoid sampling siblings we did not collect samples from adjacent plants (within a 5-m radius). In smaller populations, leaf samples were collected from every plant with more than five adult leaves. At all study sites, 1-5 g of fresh leaf tissue were collected and dried in silica gel for later DNA extraction.
Total genomic DNA was extracted from silica-dried leaf material using Qiagen DNeasy kits (Qiagen Inc., Valencia, CA, USA). DNA quantity was visually estimated on a gel using standards and diluted to a final concentration of 5 mg ml À1 . Seven microsatellite loci were amplified from all individuals using the polymerase chain reaction and fluorescently tagged forward primers (WellRed D2, D3 or D4, Sigma-Proligo, St Louis, MO, USA) described in Fant et al. (2013) . An additional primer (Caca23) that was modified from Jump et al., 2002 (Genbank accession AJ457857) was found to be polymorphic across the ranges and was included in this study (forward: 5 0 -TTGAACCCTTTTGA AGCACA-3 0 and reverse: 5 0 -CACCCAGAAACATAACGGATT-3 0 ). Subsets of individuals from the larger populations (Pictured Rocks, Wilderness State Park and Sleeping Bear Dunes) were re-extracted and genotyped by a second individual to test for repeatability. Dewoody et al. (2006) identified 2% as a reasonable error rate, which is not likely to bias data analysis. The genotyping error was o2% for all markers, except Caca17 that was at a little under 4%. The genotyping error in Caca17 was associated with mis-identification of new alleles; hence, all samples with rare alleles were rerun. All primers were tested for each locus, population and globally for the potential of null alleles and misscoring using exact tests in Micro-Checker (van Oosterhout et al., 2004) .
Geographic data
To help identify important drivers of the genetic discontinuities within C. pitcheri, four different measures of geographic distance and habitat permeability were calculated to test isolation by distance. Euclidean distance, calculated as the shortest distance between two points using ESRI ArcGIS 10 (ESRI, 2011), represents the simplest model as it assumes that there are no geographic or biological barriers preventing gene flow between any population pairs. Shoreline distance assumes that the lake is a barrier to gene flow; therefore, the least cost path for gene flow is restricted to the thin narrow dune habitat along the coast. To calculate the distance between populations along the shoreline, we used Network Analyst extension of ESRI ArcGIS 10, which creates an Origin-Destination cost matrix using the Great Lakes shoreline boundary (GLIN, 2011) to measure pairwise distances. As a sand specialist, C. pitcheri requires sandy habitat to support its expansion into the area. We used Circuitscape 3.5 (McRae, 2006) and widely available GIS maps to calculate the permeability of the landscape based on sand availability. The open sandy habitat that C. pitcheri requires is created by either shoreline erosion associated with tidal movement, lake-level drops or deposits from glacial retreat and was lost through succession or lake-level rises. Soil maps (Harmonized World Soils Database, 1 km resolution; IIASA-ISRIC-ISS-CAS -JRC, 2009) were used to identify potential sites with sufficient sand that could have historically supported C. pitcheri (Loope and McEachern, 1998; Larson and Schaetzl, 2001) . Circuitscape uses electrical circuit theory to determine the path of least resistance between sites by applying weights to landscape variables based on the likelihood of facilitating or preventing movement and connectivity (McRae, 2006; Shah and McRae, 2008) .Using the soil raster data set, any soil that had high sand composition (475%; based on composition of soil at sites of known occurrence) was assigned a low resistance (cell value ¼ 1). Other soil types were considered to have too low a sand content to have supported C. pitcheri populations, and therefore were assigned infinite resistance (cell value ¼ no data). Open water was assigned a higher resistance than sandy soil types, to allow for the possibility that it is not a complete barrier to gene flow (cell value ¼ 4).
To account for habitat availability associated with historic drops in the lake level, we used bathometry layers (NOAA, National Oceanic and Atmospheric Administration, National Geophysical Data Center (NGDC), 2011). Lake Michigan has seen two dramatic drops in lake levels; the first was a rapid draining of the lake associated with the opening of the SM 10 000 yBP Abbreviations: LH, Lake Huron; LS, Lake Superior; NLM, northern Lake Michigan; SLM, southern Lake Michigan; SM, Straits of Mackinac.
Includes lake, region, site name, population code, collection year, population size (1410 000 plants, 2 ¼ 5000-10 000 plants, 3
¼ 500-5,000 plants, 4 ¼ 100-500 plants, and 5o100 plants), degree of isolation (average distance to the 20 closest populations) and dune type (after Pavolvic et al., 2002) .
Using seven polymorphic microsatellite loci, we measured the average number of samples genotyped (Average N) (averaged across all loci, accounting for missing data), genetic diversity (as measured by average number of alleles per loci (Ap), allelic richness, gene diversity (He), number of monomorphic loci and proportion of known alleles found in this population (%A), inbreeding coefficient (Fis) and evidence of recent Bottleneck (as measured as mode-shift test in BOTTLENECK v1.2.0)). (Schaetzl et al., 2002) and the second was a rapid decline 7000 yBP associated with a period of warmer and drier climate (Colman et al., 1994a, b) . The second decline was the lowest level the lake reached, estimated to be a drop of 100 m below current levels (Colman et al., 1994b) . Using the bathometry raster, lake-level depths of 0-100 m below the current level were assigned a low resistance to represent possible habitat and corridors opened when lake levels dropped (cell value ¼ 1). The remaining open water was assigned a higher resistance (cell value ¼ 4) and non sandy land mass was assigned infinite resistance (cell value ¼ no data). Input data were projected to the US Contiguous Lambert Azimuthal Equal Area projection and the Spatial Analyst extension in ESRI ArcGIS 10 was utilized to reclassify raster input layers (ESRI, 2011) . The rasters are input into Circuitscape, which calculates pairwise resistances and creates maps of current flowing between focal nodes (that is, study species populations).
Statistical analysis
Genetic variation. Descriptive parameters include the following: average number of samples genotyped across all loci, accounting for missing data (N), mean number of alleles per locus (A p ), expected heterozygosity (H e ) and the number of monomorphic loci; the proportion of known alleles found in this population (%A) and Weir and Cockerham's (1984) estimates of Wright's F IS (within population-inbreeding coefficient) were calculated in GENALEX (Peakall and Smouse, 2006) . Allelic richness, adjusted for sample size, was calculated in FSTAT (Goudet, 1995) . Backward elimination of generalized-linear models was used to test for significance of population size, habitat type, isolation (average distance of 20 closest populations), latitude and longitude on each measure of genetic diversity (A p , H e , allelic richness and %A) and Weir and Cockerham's (1984) estimates of Wright's F IS. Correlations and generalized-linear model were calculated and tested for significance using R statistical package (R Development Core Team, 2009). BOTTLENECK v1.2.0 was used to test for evidence of recent and past bottlenecks (Cornuet and Luikart, 1997 ) using a Wilcoxon's signs test to look for evidence of heterozygous excess and deficiency using both the Infinite Allele Model and the Two-Phased Model of mutation, a variant of the strict Stepwise Mutation Model (Luikart et al., 1998) . The TwoPhased Model of mutation was run for 10 5 simulations with 95% single-step mutations and 5% multi-step mutations and a variance of 12 as recommended by Piry et al. (1999) and Chiucchi and Gibbs (2010) . As these first tests are best for detecting bottlenecks in the 0.2-0.4 N e generations, we also employed the mode-shift test for detecting more recent bottlenecks (Cornuet and Luikart, 1997; Luikart et al., 1998; Chiucchi and Gibbs, 2010) .
Population differentiation. The Bayesian clustering analysis software STRUC-TURE v2.2 (Pritchard et al., 2000; Falush et al., 2007) was used to visualize patterns of gene flow (admixture, Q) and population subdivision (number of genetic clusters, K) among study populations. This software uses individual multilocus genotypes to test for the presence of population structure without a priori assignment of individuals to populations by introducing population structure and finding population groupings with the least possible disequilibrium (HWE and linkage disequilibrium) using a Markov-Chain Monte Carlo method. We carried out 20 independent runs per K using a burn-in period of 10 5 and collected data for 10 5 iterations for K ¼ 1-30. The minimum value of K that can explain the data was assessed using the rate of change in the log likelihood probability of data between corresponding K values (DK) as detailed in Evanno et al. (2005) .
Isolation by distance. SPAGeDi (Hardy and Vekemans, 2002 ) was used to calculate three measures of pairwise genetic distance among populations:
(1) Nei's (1978) standard genetic distance (Ds) (Hardy et al., 2003) , (2) Weir and Cockerham F ST (Weir and Cockerham, 1984) , and (3) Rousset's linearized F ST (F ST /(1 ÀF ST ); Rousset, 1997) , all of which assume that each mutation can produce an allele of any size and hence differences between populations are driven primarily by drift. Although G ST (Hedrick, 2005) and a new statistic, D (Jost, 2008) are thought to circumvent some statistical problems with F ST , recent studies have affirmed that F ST and its equivalents are still better statistical measure for making demographic inferences (Meirmans and Hedrick, 2011; Whitlock, 2011) .
To test for isolation by distance, pairwise genetic distances were regressed against the four measures of spatial distance including the log of Euclidean distance (km), log of shoreline distance (km) and two measures of habitat permeability as calculated in Circuitscape. The correlation between genetic structure and the four measures of geographic distance, as well as correlation between each measure of geographic distance, was determined using Mantel (1967) tests (10 3 permutations) in GENALEX (Peakall and Smouse, 2006) . Partial Mantel tests (10 3 permutations) were conducted in XLSTAT-Pro (Statistical Innovations, MA) (Smouse et al., 1986) to identify spurious correlations from potential explanatory variables, as described in Cushman and Landguth (2010) . This was first ran with all population pairs, and then to test for potential migration routes 
Figure 3 Identified genetic clusters (1-4, as shown at the bottom of the figure) and Bayesian admixture proportions depicted for individual plants and populations spanning the complete range of Cirsium pitcheri. Population names correspond to study site information (Table 1) . A full color version of this figure is available at the Heredity journal online.
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was repeated with only population pairs from south to center of the range (Sleeping bear Dunes) and then again with those pairs from center to north of the range.
RESULTS
Descriptive statistics of populations
There was a negative correlation between latitude and population size (r ¼ À0.45; P ¼ 0.02) and longitude and population size (r ¼ À0.55; P ¼ 0.008), which supports the observation that populations in the western and southern edges of the range are smaller than those in the northern and eastern edges. Interestingly, degree of isolation was not correlated with population size or latitude but was negatively on correlated with longitude (r ¼ À0. are not common in the southern half of the range, although some of the extinct populations in Illinois were historically on linear dunes. Both continuous and discontinuous dunes were sampled throughout the range. There was no significant relationship between isolation and dune type. Measurements of genetic diversity varied considerably by population. Average number of alleles per loci (A p ) ranged from 1.3 to 4.0, gene diversity (H e ) ranged from 0.13 to 0.52, allelic richness ranged from 1.3 to 3.0, and proportion of known alleles (%A) ranged from 31 to 74% (Table 1) . Backward elimination of generalized-linear models suggested that dune type, longitude and log of isolation were not good predictors of any of the four measures of genetic diversity. However, population size showed a positive relationship for three of the four measures of diversity (A p (t 1,20 ¼ 3.6, P ¼ 0.002), H e (t 1,17 ¼ 2.7, P ¼ 0.01) and allelic richness (t 1,20 ¼ 3.3, P ¼ 0.003)) (Figure 2a) , whereas latitude showed a positive relationship for all measures of genetic diversity (A p (t 1,20 ¼ 2.8, P ¼ 0.02), H e (t 1,17 ¼ 3.7, P ¼ 0.001), allelic richness (t 1,20 ¼ 3.2, P ¼ 0.004) (Figure 2b ) and %A (t 1,21 ¼ 4.9, P ¼ 0.002)). Weir and Cockerham's (1984) estimates of Wright's F IS ranged from no evidence of inbreeding ( À0.03) to relatively high levels of Figure 4 Cirsium pitcheri throughout range in Lake Michigan, with the average assignment of each individual to the five K clusters identified by hierarchical analysis in Structure. A full color version of this figure is available at the Heredity journal online.
inbreeding (0.33) ( Table 1 ). Backward elimination suggests that the only significant predictor for inbreeding was latitude, which had a significant negative relationship (t 1,20 ¼ À3.0, P ¼ 0.003; Figure 2d ). No significant bottleneck was detected using either the Stepwise Mutation Model or Two-Phased Model of mutation models in BOTTLENECK v1.2.0 (Cornuet and Luikart, 1997;  Table 1 ). However, three populations (NLM-WI2, NLM-UP3 and LH-HSP1) did show a mode-shift in distribution, from the L shape expected under mutation-drift equilibrium (data not shown) suggesting evidence of a recent bottleneck (Cornuet and Luikart, 1997; Luikart et al., 1998; Chiucchi and Gibbs, 2010) .
Analysis of population genetic structure Structure 2.2 results confirmed pronounced genetic structure, which differed from that described by Loveless and Hamrick (1988) . The modal value of the distribution of the true K identified a peak at DK ¼ 4, which was supported by large shifts in L(K) and Ln'(K) from K ¼ 4 to K ¼ 5 associated with true value of K, as described in Evanno et al. (2005) . Comparing the proportion of each cluster (K) assigned to populations, Structure identified a geographic gradient, radiating out from Sleeping Bear Dune populations in central Lake Michigan. The individuals from populations in Sleeping Bear Dune National Lakeshore, MI, USA comprised all four cluster types (Figures 3 and 4) , with the first cluster becoming more prominent in populations further north. Two of the clusters became increasingly more prominent the further south from Sleeping Bear, with SLM-WIN1 and SLM-WIN3, in western Indiana, being predominately composed of one of the two clusters and the remaining populations in the Eastern half of Indiana and South Michigan being composed of the second. A fourth cluster becomes increasingly more prominent in the Wisconsin populations terminating in NLM-WI3, which is solely identified by this cluster (Figures 3 and 4) .
Isolation by distance
Pairwise genetic distances (F ST ) ranged from low (0.01) to very high (0.58), with an average ofF ST ¼ 0.14 ( Table 2 ). The average pairwise distances by population ranged from 0.09 to 0.33. Most populations were between 0.12 and 0.20, with the exceptions of populations at Sleeping Bear Dunes and on LH, which had the lowest averages (F ST ¼ 0.09-0.10), and NLM-WI3 in Wisconsin that had the highest (F ST ¼ 0.33). Mantel (1967) tests of pairwise genetic distances (F ST ) showed a significant positive correlation to all measures of geographic distances, including log of Euclidian distance (r ¼ 0.38, Po0.0001), log of shoreline distance (r ¼ 0.58, Po0.0001), and Circuitscape resistance for soil (r ¼ 0.51, Po0.0001) and the lake level (r ¼ 0.70 Po0.0001) ( Figure 5 ).
As there were significant correlations between the four measures of geographic distance and landscape permeability (ranging from r ¼ 0.58 to 0.71; Po0.0001), a partial Mantel test was used to identify spurious from causal correlation, by comparing genetic distance to each geographic distances and landscape permeability measures, while partialling out other potentially covarying variables (Cushman and Landguth, 2010) (Table 3) . Euclidean distance was nonsignificant or negative when other measures were partialled out. Shoreline distance and soil layer remained significantly positive, except when the lakelevel resistance layer was partialled out. Lake-level change was the only factor that remained significant regardless of which other factor was partialled out, suggesting that the resistance associated with lake-level changes was the best explanatory variable for the genetic distances in these populations. A similar pattern was found when comparisons Table 2 Pairwise genetic F ST (lower half) and Euclidean geographic (upper half) distances for all population pairs Abbreviations: LH, Lake Huron; LS, Lake Superior; NLM, northern Lake Michigan; SLM, southern Lake Michigan; SM, Straits of Mackinac. Boxes indicate populations within close geographic proximity-that is, o50 km apart. F ST o0.05 (low genetic differentiation) are in bold.
were restricted to central and northern populations (excluding Indiana and Southern Michigan population), suggesting that lake-level changes were the best explanation of genetic distance between the north and center of the range. When the comparison was repeated for populations from central and southern populations, Euclidean and shoreline distance and lake-level resistance were not significantly correlated with genetic distance. There was a significant positive correlation between soil layer and genetic distance (r ¼ 0.24, Po0.0001), which suggests that available inland sandy habitat is the best explanatory variable for migration from the center of the range to the south.
Local population pairs (that is, separated by distances o1-50 km; Table 2 ) showed low to moderate pairwise genetic distance 
DISCUSSION
Genetic structure within C. pitcheri revealed a geographic divide, with populations in the extreme northern, western, southeastern and southwestern edges of the range being distinct. These genetic groupings differ from those described by Loveless and Hamrick (1988) with SM, Upper Peninsula, LH and LS forming a single genetic cluster in our study. Populations in Sleeping Bear Dunes, at the center of the range, were identified in Structure as being comprised of a combination of all four genetic clusters and they showed the smallest average pairwise distances to all other populations suggesting that they are intermediate to all other populations. There was also a strong geographic pattern to the distribution of genetic diversity, with latitude being correlated with all measures of diversity including proportion of all known alleles, suggesting that northern and central populations hold more of the known allelic diversity. The low diversity in the south and in the Canadian populations, at the far northern end of the range (Gauthier et al., 2010) , supports the centerperiphery model, with diversity being highest in the center of the range and declining toward the edges (Brown, 1984; Hampe and Petit, 2005) . The populations at the northern and southern range edges are smaller and at lower densities; however, we found no evidence of greater isolation to the south than those at the core of the species range (Pavlovic et al., 2002) . As genetic diversity was also correlated with population size, a pattern found in other endemic Cirsium species (Gauthier et al., 2010; Jacquemyn et al., 2010) , the geographic pattern to genetic diversity could be driven by smaller populations along the edges of the range. However, as the proportion of known alleles within a population was not correlated with the size but was with the latitude, this gives support to a geographic pattern to diversity. Inbreeding was also correlated to latitude but not to population size or degree or isolation; with populations at the southern edge still showed higher inbreeding. This is surprising as we found no evidence that populations were more isolated at range edges, yet the pairwise genetic distances in Indiana are some of the highest seen range wide. C. pitcheri migrated into its current range post glaciation. A survey of Lake Michigan has shown that C. pitcheri populations currently occupy, or have occupied, much of the available habitat in the area (Pavlovic et al., 2002) ; hence, the likely drivers of range limits are the presence of suitable habitat and successional competition rather than dispersal limitations (McEachern, 1992; Sexton et al., 2009 ). The two most likely entry points for this species are from the northeast, the site of glacial Lake Arkona, along the Atlantic Coastal route or from the south, the site of glacial Lake Chicago, along the Southern Coastal plains along the Mississippi (Gleason, 1922; McLaughlin, 1932; Curtis, 1959; Larson and Schaetzl, 2001 ). The high allelic diversity at the northeastern edge of the range and the low diversity at the southern edge suggests that the northeast represents the refugia of diversity for this species and the most likely point of entry to the region (Petit et al., 2003; Hampe and Petit, 2005) . This is further supported by the Structure analysis that reveals multiple genetic clusters within central populations and small average pairwise genetic distances of the central region to all other populations. This is not surprising, given that Michigan's Lower Peninsula was one of the first areas to be exposed after glacial melt; its high sand content and access to multiple lakes make it an ideal migration route and refuge for C. pitcheri during the large fluctuations in the water levels of the Great Lakes (Larson and Schaetzl, 2001) . Lake-level changes were the best explanation of genetic structure in C. pitcheri, especially for population in the north and center of the range, rather than contemporary shoreline, Euclidean distance or sandy-soil availability. This suggests that previous lake-level drops represent a time of greater connectivity especially in the northern edge of range between C. pitcheri populations either through pollen or seed movement, or range expansion because of the availability of new sandy habitat. The largest drop in the lake level occurred at 7000 yBP, and the lake did not return to current levels for another 2000 years (Colman et al., 1994b) .The lake level peaked around 4500 yBP at 10 m higher than current levels, which would have reduced available habitat and increased isolation of the surviving populations (Colman et al., 1994b; Thompson et al., 2011) .
Genetic distance from the southern edge of range to central populations was not explained by either Euclidean distance, shoreline distance or changes in Lake level; however, there was weak association with available sandy substrate. This might suggest that populations along the southern edge of the range might have been larger or had greater connectivity in the past, although much of this habitat has been lost to C. pitcheri through succession (Cowles, 1899) . Sandy habitat was also the best explanatory variable for genetic distance in the central region at a local scale (o50 km). This is not surprising as we know that population dynamics of C. pitcheri is driven by a cycle of the local extinctions, associated with loss of habitat from succession and colonization of new open sandy habitat generated by geological and aeolian processes (Loveless, 1984; McEachern et al., 1994) . The lack of correlation between Euclidean and shoreline distance, moderate pairwise genetic distances and high inbreeding in the populations in SLM suggests poor conductivity and high degree of isolation in these populations, despite relatively small distance. A similar pattern was found in 20-year-old restorations where populations o500 m apart showed no evidence of introgression (Fant et al., 2013) . Although this high divergence may be exacerbated by recent (4150 years) increases in fragmentation because of development in the area, the magnitude of difference is greater than can be expected, given the size of populations and generation time (Lloyd et al., 2013) , suggesting that the divergence is in part an historic legacy. The relatively small genetic distance between populations at the southern edge of range to those in Sleeping Bear Dunes National Lakeshore, and given the southern populations only contain a subset of known alleles, would suggest that these populations are the result of sporadic founding events from the range center, rather than the result of a genetic bottleneck at the retreating edge (Hewitt, 2000; Petit et al., 2003 Petit et al., , 2008 Hu et al., 2009) . The presence of two genetic groups in Indiana might suggest separate founding populations, which is not surprising given the dunes in the western portion of Indiana are younger, less stable and wider than those in the east of Indiana (Olson, 1958; Cowles, 1899) . A similar pattern of multiple independent origins was observed in local haplotypes of Panicum virgatum in the same region (Morris et al., 2011) . By contrast, KohlerAndrae State Park (NLM-WI3) at the western edge of the range, which is the most isolated C. pitcheri population sampled, had high levels of inbreeding and low diversity but showed evidence of a recent genetic bottleneck, suggesting that this population might be a result of the retreating range edge or product of a limited number of founders.
C. pitcheri with lower colonization ability and dispersal distances, similar to many narrow endemics (Fiedler, 1987; Byers and Meagher, 1997; Lloyd et al., 2003) , shows a spatial genetic structure resulting from a combination of contemporary isolation associated with habitat availability at a local scale and rare sporadic long-distance migration events associated with range expansion. The strong association between genetic distances and historic lake-level changes suggests that periods of lake fluctuations might best explain the broad geographic patterns. High genetic diversity of C. pitcheri in the northeast, and the relatively high number of rare dune endemics found in this area, including Houghton's goldenrod (Solidago houghtonii A. Gray), Dwarf lake iris (Iris lacustris Nutt.) and Lake Huron Tansy (Tanacetum huronense Nutt.), suggests that this region represents the likely original site of entry for C. pitcheri as well as other dune endemics (Guire and Voss, 1963; Hannan and Orick, 2000; Hamilton and Eckert, 2007) . The mosaic pattern of genetic diversity would indicate that colonization has been sporadic, particularly toward the south, with rare and erratic long-distance dispersal events (Cruzan and Templeton, 2000; Clark, 1998) associated with habitat preference having an important role . For these peripheral populations, the small population sizes, contemporary isolation, demographic decline and poor recruitment may interact to increase the loss of genetic diversity (Schaal and Leverich, 1996) , with the potential to induce genetic bottlenecks in the future (Lesica and Allendorf, 1995) . Future climate models predict that the southern and western edges of the range will no longer have a suitable climate to support C. pitcheri (Vitt et al., 2010) , suggesting a contraction of the distribution of this species back to the historic center of distribution, increasing the conservation value of the dune habitat along the northeast coast of Lake Michigan.
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